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H. Jeffreys
Im perfections in the structure of cobalt I. E xperim ental work and proposed stru ctu re X-ray powder photographs of hexagonal cobalt have a remarkable m ix ture of sharp and diffuse lines. The sharp lines are those with ${h -integral and those with l zero; all others are more or less diffuse. An explanation of this is produced, based on the possibility of faults occurring in the structure because there are two different ways in which one close-packed layer of atoms can be put on to another. It is shown theoretically that if such faults are repeated at regular intervals the reflexions with |(/i -integral are not affected, but the positions and intensities of the other lines are modified although they remain sharp. These results suggest that a structure with random faults would give broadened reflexions, but the broadening is such that it would not show for lines with l zero on powder photographs.
Evidence from oscillation photographs and from measurement of a powder photograph is adduced in support of this theory.
I n tr o d u ct io n
I t has been known for a long time th a t the structure of cobalt is anomalous. The structure of any particular specimen depends on its previous history, and is often a m ixture of face-centred-cubic and close-packed-hexagonal forms (van Arkel 1939) . This two-phase state has generally been ascribed to the presence of impurities (van Arkel 1939) , but the authors have found the same tendency to be two-phase in some cobalt of purity 99*99 %.
During an investigation of this problem another interesting phenomenon was encountered, and a description of this, and a possible explanation of it, are the main subjects of this paper. The lines from the hexagonal cobalt are very often not all sharp (Hendricks, Jefferson & Shultz 1930) but vary in width. This variation is not simply a function of the angle of reflexion as it would be if it were due, for instance, to small particle size, nor can it be explained by particular shapes of small particles (von Laue 1936) .
Imperfections in the structure of cohalt
Description of the phenomenon Powder photographs of cobalt annealed at temperatures below 400° C show a mixture of the patterns from the face-centred-cubic and hexagonalclose-packed structures. The lines of the former pattern are sharp, in dicating th at the crystal size is at least of the order of 10~5 cm. (Bragg 1933a) ; some of the hexagonal lines are also as sharp as this but others are very broad indeed. A typical photograph i" shown in figure 1 (plate 12). There are difficulties in drawing general conclusions because of the overlapping of some of the hexagonal lines (those with \{h -k) integral and l even) with some of the cubic lines, but it is probable th at these lines are as sharp as the cubic lines. This is definitely so in the case of 0004 which is sufficiently far from its cubic companion 222 to be observed accurately. Lines with l zero are also sharp, and this would imply that the crystals can be thin only in the direction of the c-axis. This, however, is not in accordance with the other observations, particularly with the sharpness of 0004.
The broadening was also shown by reflexions from single crystals. These crystals were obtained in a rather unexpected manner. Some fine powder of the metal had been annealed at 1100° C for 11 days, and it was then found to consist of much larger grains. A Debye-Scherrer photograph showed two phases, but the fines were very 'spotty'; oscillation photographs were therefore taken of some individual grains, and these showed th at the grains consisted of very few crystals. Two of the grains were examined in detail, and it was found th at one of them contained two cubic crystals and four hexagonal crystals. The cubic crystals had relative orientations represented by twinning across a (111) plane; the four hexagonal crystals had their c-axes perpendicular to the {111} planes of one of the cubic crystals, and their [1010] directions were parallel to [110] directions in the cubic crystal. These orientations are those which would be expected from the similarity of the two structures, and it has been shown by Nishiyama (1936) th at the process of transformation is such that the cubic and hexagonal crystals are related in this way. The second specimen also had two cubic crystals, VoL 180. A. 18 oriented as in the first specimen, but only two of the hexagonal crystals were present. P art of one of the oscillation photographs is shown in figure 2 (plate 12). I t will be seen th at the hexagonal spots are broad, but now the rule th a t reflexions with l zero are sharp is not true, and it appears th a t the powder lines are sharp only because the reflexions lie along Debye-Seherrer lines. In addition, it can be seen th at the directions of broadening of different spots are related. In figure 2 (plate 12) the impression is given th a t the spots are spread out along two lines, and since these lines run through the spots 1010, 1011, 1012, they can be represented in reciprocal space as lines parallel to the c-axis. The complete representation of the reciprocal lattice must therefore be something like figure 3; certain reflexions are sharp, represented by spots in reciprocal space; others are strung out along lines parallel to the c-axis. The proposed structure
The single crystal reflexions show th at the underlying irregularities which produce the blurred lines are of a plate-like type perpendicular to the c-axis, but they must be such th at they do not affect, for instance, the 000Z re flexions. The close-packed structures can be considered as composed of a series of close-packed planes of atoms, each plane fitting on to the one below. Since the relations between neighbouring atoms are the same in any close-packed structure, the differences between the structures must depend on the influence of the next nearest neighbours, and the fact th a t in cobalt the two structures can coexist suggests th at here this influence is very small. We may thus imagine a structure in which occasional faults occur, a sequence A B A B A B ... changing to B C B C B C ... and so on. The resulting regions of perfect crystallization would then be of the required plate-like character, but obviously reflexions like 000Z would not be affected since the 0001 spacing is perfect over the whole crystal. In general, all reflexions involving the sum of the scattering factors of the atoms will be unaffected, but it is not clear what will happen to the others.
The idea th at they should be blurred resulted from consideration of the ordered alloy AuCu3 (Sykes & Jones 1936) in a single crystal of which regions of order may exist which do not match (anti-phase domains). Those reflexions which are due to the sum of the scattering of the atomsthe main lines-are sharp; the others-the superlattice lines-are not. Jones & Sykes (1938) have attempted to deduce the size of the small regions of perfect order by treating the broadening as simply due to their small size, but there is no obvious justification for this.
S. Edwards and H. Lipson

Mathematical treatment
The proposed structure cannot be treated by ordinary crystallographic methods since it is not periodic, and we have therefore been led to consider simpler structures in which the faults appear at regular intervals. In part II, Dr Wilson has shown that the general case of a random distribution of faults can be solved, and this really supersedes our work; nevertheless, we feel th at the methods we have used are worth recording since the results were rather unexpected, and may be applicable to other problems.
Consider a structure in which a fault appears after each N perfect unit cells in the c direction. To make this periodic we must have a regular sequence of faults, and the simplest arrangement which contains all possible types in equal proportions is The unit cell of this structure is still hexagonal, with the same a-and 6-axes as the basic unit cell, but the c-axis, C, is 6 times as long. The re ciprocal lattice would therefore contain points very close together on lines of constant h, k; this is a first step towards the representation of the struc ture by the reciprocal lattice shown in figure 3 . The exact representation may be found by calculating the structure factors for different orders hkL. The index L is related to the corresponding index l for the basic unit cell by the relation
Since L may have all integral values, l may be non-integral. The structure factor is w r exp[ 2m:
where / is the scattering factor for one atom. The summation is made over all atoms, of positions x, y, z, in the unit cell. I t can be seen from table 1 th a t each particular type of atom forms a series with 2 2Vterms, the z co-ordinates of the B 2 atoms, for instance, being w^ere 0 < < 22V -1. Thus the contribution to the structure factor of the B 2 atoms is
1 his is a geometric series of which the sum is
The series for the other atoms are all similar to this except for the initial terms; thus the latter part of the expression (4) is a common factor of the whole, and the complete expression for F is
This common factor is the same as the expression which appears in the theory of the diffraction grating. Its modulus is
which has large maxima only when L = 6 where m is an integer. The minima nearest to these peaks occur when L = 6 3, and it is well known th at no appreciable intensity occurs outside these values. From equation (1) it is seen th at the peaks are just those which would occur for the basic cell, and the effect of the faults we have postulated is to give a possibility of each reflexion's having four satellites. The intensities may be found by evaluating expression (5) for the different combinations of indices. There are two essentially different cases.
Case I. \(h -k) integral.
The term in brackets in expression (5) reduces to
so th a t we have
This is zero for all values of L except those which are even multiples of 6 , for when it is an odd multiple the term in brackets is zero. The value of F for all values of L for which it is not zero is 12 which is the normal value. Thus intensities corresponding to even values of the index l are normal and the odd ones are zero, exactly as for the basic hexagonal unit cell.
Case I I . (i) ^(h -1c) = an integer + ( i i ) \{h -k) = an integer -Î
n this case F is complex, and the square of its amplitude has to be found by multiplying by the complex conjugate. The mathematics is fairly lengthy, but, for both cases, the product may be reduced to Now we have already shown that the expression outside the brackets is appreciable only when L /6N is nearly integral. Thus we may put cos2TrL/6N = 1, and so cos2n L /l2N = ± l.
If we take the plus sign, we find that the expression in the brackets is zero for all values of L except L -6 N m + 2 for case case (ii), when it is 18. If we take the negative sign, the expression is zero for all values of L except L -QNm + 1 for case (i), or 6 1 for case (ii); in both these cases it is again 18. The values of the intensities depend on the 2 277 / 3 value chosen for N , but if N is not very small *s or(^er ° 27N2/2n2 = 1*4 N 2, and ^2 or<^er = 5*4 Thu in these two cases the normal fines of intensities 36jV2 and 108N 2, conesponding to even and odd values of l respectively, are replaced by rather weaker but still sharp fines displaced from their true positions. The dis placement depends on N , and since there is no reason to suppose th at N is constant throughout a crystal it seems probable th at a blurred fine would result.
Such reflexions would be represented in reciprocal space by lines parallel to the c-axis, as shown in figure 3 . The reciprocal 'points' with l odd should all be the same length, as also should those with l even. Now, for a hexagonal Imperfections in the structure of cobalt lattice sin20 = ^2 + " + F , + s ? i2'
and so ., 2c2 sin (10) SI = 8 0 , 91 . AH This relationship can be tested experimentally.
E xperimental work
The cobalt used had the following analysis: silicon 0*003 %, iron 0*001 %, nickel 0*007 %; traces of copper, calcium, and aluminium were found spec troscopically. I t was obtained from the National Physical Laboratory. Some powder was taken from the lump, and was-annealed a t 1100° C for 5 days, and then a t about 380° C for 1 week. A Debye-Scherrer photograph was taken in a 9 cm. camera, with nickel radiation monochromatized by reflexion from penta-erythritol. Nickel is the shortest K wave-length which can conveniently be used for cobalt (Edwards & Lipson 1941) , and the monochromatization was necessary in order th at some of the faint lines might be detected. The photograph is shown in figure 1 . The line widths were measured in the way described by Jones (1938) , and, since the specimen contained about equal proportions of the cubic and hexagonal phases, the lines from the former were used as standards. The results of the measurements are shown in table 2; the two sides of the film were measured separately, and it will be seen th at the agreement be tween them is fair except for 1014 which is so faint th at it is barely visible. ft is the 'integral w idth ' (Jones 1938) . In the last column, in order to enable the calculation in P art II to be completed, is given a quantity which repre sents the distance in reciprocal space over which the film was measured for the line concerned. This treatment, of course, does not take the shapes of the lines into account, and it was noted th at these shapes were not all the same. 1012, in particular, was different from the other lines, and seemed to consist of a broad line with a sharper one superimposed. At this stage of the work no explanation of this fact can be offered.
The total intensities of the broadened reflexions appeared to be equal to those from the perfect hexagonal structure, but a precise examination could not be carried out owing to the nearness of the lines with integral to cubic lines. The intensities of the lines with \{ h -k ) integral are normal and thus could be used as standards, but only 0004 was at all measurable, and th at was too faint to give accurate results.
Discussion
It will be seen that the results of the measurements support the conclusion ihat /? sin 26 jl is constant for lines with l even and for lines with l odd, and, therefore, that the 'points' in reciprocal space for each of these cases are lines of constant length parallel to the c-axis. The lines with l even are about twice as long as those with l odd, and this might be thought to be connected with the theoretical conclusion that the shifts of the even reflexions are twice the shifts of the odd ones; on this basis the average size of the regions of perfection can be calculated. If half the measured breadth is taken as the average shift of the reflexion, we have for the even lines The value of N derived from these expressions is about 7, which means that, on the average, there will be one fault in every 14 planes of atoms. The more exact analysis in Part II shows that this is not far from the truth. Perhaps a more valuable use for the method, however, lies in its direct application to structures in which faults are known to appear at regular intervals. Such cases have been found by Chao & Taylor (1940) , and it is probable that others exist. For instance, in graphite (Taylor & Laidler 1940) several observers have noted the appearance of extra lines of which no complete explanation has been given. Since graphite has a structure which may suffer from the same kind of faults as cobalt, it may be possible to explain these lines by methods similar to those described in this paper.
